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High strength low alloy (HSLA) steel with a nominal composition of 0.15C–1.25Cr–1Mo–0.25V is being extensively used
in space programme. Owing to its ease of fabrication and welding, a tank was fabricated out of this alloy. The tank is used to
contain strontium per chlorate which on combustion develop secondary thrust, effectively used during attitude control of
satellite launch vehicle. During one of the routine qualiﬁcation tests, a tank had failed at an internal pressure of 109 bar,
against a designed proof pressure of 120 bar.
Failure was initiated from long seam weld of a cylindrical shell and propagated into the parent material thereafter.
Detailed metallurgical investigation has been carried out to understand the cause of failure. This paper brings out the detail
of investigation carried out.
2. Material
The 700 mm diameter pressure vessels were fabricated using 6.2 mm thick cold rolled sheet of required dimensions. The
tank had three cylindrical shells of which each shell was fabricated by roll bending the cold rolled sheets and through long
seam welding. These cylindrical shells were welded circumferentially welded to conﬁgure the main cylindrical tank. The            
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one at both ends (dome side as well as nozzle side) were welded to cylindrical portion of shell to provide the necessary rigidity as
per design requirement. This resulted in conﬁguration of 700 mm dia. tank of 4.6 m length and it had a mass of approximately
590 kg. The tank so conﬁgured had maximum effective operative pressure (MEOP), proof pressure, minimum burst pressure
(MBP) are 80, 120 and 160 bar respectively. Total 6 tanks were fabricated and tested for proof pressure testing (PPT). Out of six,
one had pre-mature failure while remaining ﬁve were successfully withstood the test and inducted into the system.
3. Observations
Failed tank was observed at the site of failure. Out of three shells of the tank, failure occurred in one shell, while remaining
two were intact (Fig. 1). First hand observation indicated that failure initiated at long seam of the shell, near shell-ringFig. 1. Photographs showing failed tank, (a and b) failed shell and (c) failed shell with other two intact.
Fig. 2. Failure initiation at weld pool and further propagation into the parent on either side making an angle of 458 to weld line.
A.K. Jha et al. / Case Studies in Engineering Failure Analysis 1 (2013) 265–272 267cir-seam joint. The fracture, subsequent to little travel along weld pool, propagated into the parent on either side making an
angle of 458 approximately to weld line (Fig. 2). At the ring side, the crack had deviated its path and propagated in a
circumferential direction running parallel to and very close to the circumferential weld for a length of approximately
160 mm. A schematic sketch of the fracture travel path of tank is shown in Fig. 3. The remaining material in failed shell has
been grouped as left side (A), right side (B) and side (C). Thickness all along the fracture path and at the interval of
approximately 20 mm apart on all the three material segments at locations 1–33 on left side ‘A’, 1–32 on right side ‘B’ andFig. 3. (a) Photograph of failed shell and (b) schematic sketch of fracture edge all along and the location identiﬁcation for thickness measurement.
Table 1
Thickness measured on left side (A) and right side (B) at 10 mm apart.
Locations Left side (A) Right side (B)
Thickness in mm
1 5.97 6.07
2 6.04 6.28
3 6.00 6.25
4 5.95 6.14
5 5.96 6.19
6 5.93 6.15
7 5.72 5.90
8 5.74 5.95
9 5.79 6.10
10 6.13 5.90
11 5.90 6.05
12 5.99 6.18
13 5.99 6.05
14 5.96 6.12
15 5.93 6.18
Bold value indicate thinnest region.
Table 2
Thickness measured at location side ‘C’ at 10 mm apart.
Location Side ‘C’
Thickness in mm
1 6.15
2 6.20
3 6.20
4 6.16
5 6.21
6 6.01
7 6.08
8 5.92
9 5.90
10 5.98
11 6.05
12 6.09
13 6.11
Bold value indicate thinnest region.
A.K. Jha et al. / Case Studies in Engineering Failure Analysis 1 (2013) 265–2722681–13 on side ‘C’ was measured using ultrasonic testing gauge and reported. Thickness at locations 1–15 on left side ‘A’ and 1–
13 on side ‘C’ were of our concern, as they were around the failure origin and tabulated in Tables 1 and 2 respectively.
The typical values of thickness measurement (at locations of our interest) on material segment ‘left side (A)’ and ‘right
side (B)’ is reported in Table 1, while that of material segment ‘C’ is furnished in Table 2. The thickness measured at locations
7, 8, 9 on left side ‘A’ and 8, 9 on side ‘C’ had minimum thickness in the range of 5.72–5.90 mm, whereas other locations had
thickness in the range of 5.90–6.20 mm. This indicated thinning of material at above locations. It is interesting that these
locations fall very near to/coincided with the long seam weld of shell, where initially crack initiation was postulated. At
locations 7, 8, 9 of material segment ‘A’, thickness measurement was further carried out at locations starting from fracture
edge to interior of material at the interval of 2–3 (approx.) mm apart. The measured thickness is reported in Table 3.
Measurement further conﬁrmed predominate thinning at these locations.Table 3
Thickness measured from fracture edges to interior of material at 2–3 mm apart.
Location ‘7’ Location ‘8’ Location ‘9’
5.72 5.74 5.79
5.72 5.78 5.81
5.80 5.80 5.81
5.80 5.84 5.86
5.81 5.89 5.90
5.84 5.94 5.92
5.88 5.96 5.95
Fig. 4. Specimens taken out from locations 1L, 1R, 2, 3 and 4.
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location 1 (L and R) at region of long-seam weld, location 2 (at region of cir-seam weld; shell–ring weld) parting, location 3
and 4 (from region away from fracture initiation site), as shown in Fig. 4.
The fracture surface at location ‘1L’ and ‘1R’ under optical microscope with stereomicroscopic facility revealed the semi
elliptical featureless region (Fig. 5). The region was about 7 mm  2 mm towards the inner surface of tank and hence
conﬁrmed to be at weld root. Remaining region of fracture surface had features of directionality as if crack initiated from this
featureless region and propagated radially through thickness of the steel (Fig. 5). The featureless region was viewed under
scanning electron microscope and conﬁrmed to be lack of fusion (LF) during welding operation (Fig. 6). At many locationsFig. 5. Optical photo macrographs showing featureless semi-elliptical region on fracture surface (a and b) on specimen 1R and (c and d) on specimen 1L.
Fig. 6. SEM fractographs showing lack of fusion within fracture initiation region.
Fig. 7. SEM fractographs showing dendrites resulted from solidiﬁcation of insufﬁcient metal liquid.
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region had ductile tearing and quasi cleavage facets (Fig. 8), typical of ductile overload mode of failure. The elongated micro
voids became tear dimples formed in narrower band a head of well deﬁned crack front (Fig. 9). There was shear lip at both the
fracture edge, as conﬁrmed by elongated dimples on slant fracture (at 458) surface (Fig. 10). The cut piece was removed from
the failed tank for microstructure study. Specimens were polished using conventional metallographic technique. The
specimen duly etched with 3% Nital revealed microstructure typical of hardened and tempered steel (Fig. 11).Fig. 8. SEM fractographs showing ductile tearing with quasi cleavage facets.
Fig. 11. Optical photomicrograph showing tempered martensite.
Fig. 9. SEM fractograph showing tearing dimples resulted from elongated micro voids ahead of crack front.
Fig. 10. SEM fractographs showing elongated dimples within shear lips on either side of fracture surface.
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Tensile specimens fabricated from shell portion of failed tank were tested for mechanical properties evaluation. The
location of specimen taken, and the values obtained is furnished in Table 4. Specimens were taken from the fractured shell, in
such a way that the specimens with identiﬁcation ‘TP’ fall in direction perpendicular to sheet rolling direction, or otherwise
Table 4
Mechanical properties of specimens taken from failed tank.
Specimens UTS (MPa) 0.2% PS (MPa) %El (50 mm GL)
TP: parent
?r to rolling direction
939–962 838–846 15.7–16.6
TW (CS): with cirseam weld at centre 887–962 784–863 11.6–13.4
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within gage length of the specimens.
4. Discussions
The tensile properties and the microstructure of the material conﬁrmed that material was in hardened and tempered
condition. Chemical constituents of material used were well within the speciﬁcation. Considering all above observations
together, the only possibility is that the weld discontinuity (ﬂat, featureless facets at long seam weld root) of shell have acted
as the origin of fracture. The presence of features typical of fracture directionality and that too pointing towards this
featureless region further conﬁrmed this to be the origin of failure. Weld discontinuities may be linked with many sources in
welding, like improper geometry, wrong welding process and metallurgical discontinuity. The type of discontinuity seen in
the present case and the features evidenced were conﬁrmative of lack of fusion.
The immediate consequences of this is that the cross sectional area of the weld reduces below the designed value and
therefore it becomes a point of weakness [1]. The thickness of the ligaments at the material segment ‘A’ and ‘C’ had severe
thinning near the region of this lack of fusion. Similar type of premature failure of a high strength low alloy steel pressure
chamber was studied by Sharma et al. [2]. Welding defect growing to a semi elliptical surface crack, resulting in localised
thickness reduction and acting as stress raiser was attributed to be possible cause of failure.
5. Conclusion
The crack initiated from weld discontinuity and categorised under process related failure.
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